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Magnetically controlled waveguide-based phase shifters are desirable for their high performance, but are bulky and heavy, thus 
cannot be easily integrated with printed circuit board (PCB) based circuits. To tackle this, substrate-integrated waveguide (SIW) 
technology has been utilized, which brings the waveguide to a standard PCB, but requires large numbers of vias as well as multiple 
cavities in the substrate for ferrite slab placement. This implementation technique involves complex fabrication and yields a relatively 
low figure of merit (FoM). To alleviate this, we present the first completely vialess ferrite substrate-based waveguide phase shifter 
realized through low-cost inkjet printing technique. All the four sides of a yttrium iron garnet (YIG) substrate have been metalized 
through inkjet printing, allowing the fabrication of a conventional rectangular waveguide on a standard magnetic substrate. The 
prototype has been tested in symmetric as well as antisymmetric modes of biasing and peak FoMs of 160°/dB at 7.22 GHz and 332°/dB 
at 7.46 GHz have been measured, which are higher than those of the previously reported designs. This all-around inkjet printing 
approach can open the door to low-cost, integrable magnetic phase shifters with excellent RF performances. 
 

Index Terms— ferrite phase shifter, inkjet printing, substrate-based waveguide, yttrium iron garnet. 

I. INTRODUCTION 
HASE shifters are essential components of phased array 
antennas, which enable steering and scanning of the beam 

in space. These two-port devices can control the transmission 
phase of the RF/microwave signal fed to the antennas in an 
array [1], [2]. Ferrite-based magnetic substrates are widely 
utilized to realize this control [3]. Ferrites are fundamentally 
anisotropic, which means that the propagation constant of an 
RF wave can be controlled by changing the direction and 
magnitude of the magnetic bias across them [4]. The 
development of ferrite-based phase shifters began in the late 
1950s; since then, they have found numerous applications [5]. 
Pioneering designs were based on metallic waveguides, 
demonstrating exceptional performance metrics, such as low 
insertion losses (<1 dB), high-power handling capabilities [6], 
and remarkably high figures of merit (FoMs) that easily surpass 
the FoMs of other technologies [3]. However, they were bulky, 
heavy and nonintegrable with standard printed circuit board 
(PCB) based circuits, thus, unable to satisfy the requirements of 
present phased-array antennas. 

Modern antenna systems require compact substrate-based 
phase shifters that can be conveniently integrated with the 
remaining planar circuitry. For this purpose, ferrite phase 
shifters have been implemented in substrate-integrated 
waveguide (SIW) technology [7]–[9], which is a planar 
realization of conventional rectangular waveguides. SIW 
technology is planarized by building a waveguide directly on a 
substrate; two rows of densely arranged vias resembling side 
walls connect the two metal layers of the substrate. In this way, 
SIW technology maintains the low loss and high quality factor 
of rectangular waveguides while achieving compatibility with 
planar microwave circuits. Despite the stated advantages, SIW 
technology involves complex fabrication, in particular, when it 
comes to SIW-based ferrite phase shifters. In addition to the 
required drilling and consequent metallization of through-hole 
vias, these designs require drilling of cavities in the substrate, 

whereby the nonmagnetic dielectric substrate is partially cut out 
to provide space for ferrite slabs as shown in Fig. 1(a). Once the 
ferrite slabs are placed, these cavity openings must also be 
covered with layers of conducting material, which altogether 
further complicates the fabrication process. Moreover, as a 
result of partial ferrite loading, these SIW-based ferrite phase 
shifters suffer from limited performance, since only a part of 
the propagating wave is exposed to an interaction with magnetic 
dipoles in the ferrite. 

In 2004, [10] theoretically predicted that by completely 
filling the rectangular waveguide with a ferrite material the 
maximum attainable differential phase shift under 
antisymmetric bias can be increased by more than twice in 
comparison with those of conventional air-filled, dual-slab 
designs. To validate the proposed theoretical model, the authors 
implemented a full-mode ferrite LTCC-based SIW phase shifter 
with embedded bias windings that can do away with external 
electromagnets, which was a considerable benefit. However, 
large deviations were observed between theory and 
experiments, with the measured data showing an FoM of 
9.1°/dB. Building on [9], two studies on other ferrite LTCC-

P 

 
Fig. 1. Geometries of (a) a typical dual-slab ferrite SIW phase shifter, where 
the top/bottom openings are metalized after the ferrite slabs are placed, and (b) 
the proposed inkjet-printed ferrite substrate-based vialess waveguide phase 
shifter. 
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based designs using full- and half-mode SIW (HMSIW) 
structures reported FoMs of 102°/dB [11] and 83.2°/dB [3], 
respectively. The level of integration provided by these ferrite 
LTCC-based designs is unprecedented. Nevertheless, as an RF 
designer one fails to ignore the demerits of these designs that 
include: (1) high cost of fabrication due to (2) very specialized 
fabrication processes involved. 

Herein, a ferrite phase shifter is proposed, which addresses 
the disadvantages of the abovementioned works, while 
retaining the desired waveguide topology. The device is 
implemented as a planar rectangular waveguide, which was 
achieved by metalizing all four sides of an yttrium iron garnet 
(YIG) substrate through low-cost inkjet printing, as illustrated 
in Fig. 1(b). Hence, the proposed phase shifter is fully ferrite-
loaded, as such the potential for interaction between the 
propagating wave and the magnetic dipoles is maximized. 
Moreover, thanks to all-around inkjet printing, the proposed 
design does not require any vias, and thus, no drilling is 
involved in fabrication, which greatly reduces the complexity 
of fabrication process. The proposed phase shifter operates 
mainly in a partially magnetized state and can be used in 
symmetric and antisymmetric bias modes. Benefiting from the 
low RF loss of YIG, the printed prototype provides peak FoMs 
of 160°/dB in reciprocal mode at a uniform applied bias of 1400 
Oe and 332°/dB in nonreciprocal mode at an applied surface 
field of 950 Oe, which surpass previously reported values for 
both operation modes with comparably weaker magnetic bias 
fields. To the best of our knowledge, this is the first-ever 
implementation of a ferrite substrate-based, vialess waveguide 
phase shifter that is based on an all-around-inkjet–printing, 
which can open the door to a new class of smart RF 
components. 

II. FERRITE-BASED RECTANGULAR WAVEGUIDE PHASE 
SHIFTERS: THEORY AND SIMULATIONS 

A. Partially Magnetized Ferrites 
Controllable phase shift in a ferrite medium can be achieved 

by driving it in a partially magnetized state, where the 
magnetization of the ferrite is continuously varied between 
complete demagnetization (𝑀 = 0) and full saturation (𝑀 =
𝑀&). This range of operation provides significant control on the 
microwave properties of the substrate while keeping the bias 
requirements low [12]. However, partially magnetized ferrites 
suffer from high RF losses known as low-field losses. This loss 
exists at frequencies under or equal to the magnetization 
frequency, 𝑓( = 𝛾4𝜋𝑀&, where 𝛾 is the gyromagnetic ratio (2.8 
MHz/Oe) [4], [12]. Maintaining operation above 𝑓( can 
eliminate low-field losses and improve RF performance. 
Partially magnetized ferrites can be described using Green and 
Sandy’s model [13], which predicts the following permeability 
tensor for the z-direction of the bias. 
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where 𝜇6 is an isotropic permeability in the completely 
demagnetized state [13]. 
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Henceforth, the theoretical model explained in this section is 

employed to understand the performance of ferrite-based phase 
shifters under applied bias. Two bias configuration modes are 
adopted for this purpose. 

B. Phase Shift under Symmetric and Antisymmetric Bias 
Symmetrically and antisymmetrically biased ferrite-filled 

rectangular waveguides are illustrated in Fig. 2. In symmetric 
biasing (Fig. 2(a)), the magnetic field is applied transverse to 
the propagation direction in the waveguide and uniformly 
throughout its entire length. For a rectangular waveguide of 
width a, the phase constant in the fundamental TE10 mode takes 
the following form [11]. 

 
 

𝛽< = 𝜔<𝜇Lɛ − N
𝜋
𝑎P

<
 (6) 

  

𝜇L =
(𝜇< − 𝜅<)

𝜇  
 

(7) 

 
where 𝜇L is the effective permeability experienced by the 
propagating wave, and 𝜇 and 𝜅 are the elements of the 
permeability tensor. Due to its quadratic nature, (6) produces 
two solutions for the phase constant with opposite signs, 𝛽<? =
−𝛽?<, implying reciprocal phase shifting. Thus, the reciprocal 
or unidirectional phase shift in this case is the difference of the 
phase in the biased and unbiased states, 𝜑 = (𝛽RS6 − 𝛽RT6) ·
𝐿, where 𝐿 is the length of the device and 𝐻 is the applied 
magnetic field intensity. 

 
Fig. 2. (a) Symmetrically and (b) antisymmetrically biased ferrite rectangular 
waveguide.  
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The antisymmetrically biased ferrite-filled rectangular 
waveguide can be viewed as an extension of the traditional 
dual-slab ferrite design, which requires two equal but 
oppositely oriented bias fields that are applied transverse to the 
propagation direction (Fig. 2(b)). [10] derived the following 
transcendental equation for this case, assuming a fundamental 
lossless TE10 mode. 
 

  
 𝑗𝛽𝜅 + 𝑗𝜇X𝜔<𝜇Lɛ − 𝛽<𝑐𝑜𝑡 N

𝑎
2
X𝜔<𝜇Lɛ − 𝛽<P = 0 (8) 

 
For the given frequency and magnetization, (8) results in two 

distinct solutions for 𝛽 yielding non-reciprocal or differential 
phase shift, 𝜑 = (𝛽<? − 𝛽?<) · 𝐿. The existence of two distinct 
solutions in (8) can be explained as follows. The change in the 
direction of the applied bias retains the permeability tensor in 
(1) but reverses the sign of 𝜅. As such, the sign of 𝜅 in (8) is 
also reversed, thus resulting in a different solution for 𝛽. This 
nonreciprocal phase shifting can also be explained graphically 
in Fig. 2; due to antisymmetric biasing, the wave entering port 
1 encounters a clockwise orientation of the magnetic dipoles in 
the ferrite (↑↓), whereas the wave entering port 2 encounters an 
anticlockwise orientation (↓↑). Thus, the two waves undergo 
nonequal propagation conditions, resulting in different phase 
shifts. This explains the differential phase shift performance in 
this configuration of the phase shifter. 

C. CST Simulation Model Validation 
CST Studio Suite 2019 is employed to validate the theoretical 

models of the ferrite phase shifters. CST is selected because it 
can model the complete permeability tensors of ferrite 
substrates in partially and fully magnetized states. A rectangular 
waveguide is designed to validate the simulation model; the 
waveguide has a width of a = 9.4 mm and a height of b = 1.5 
mm, and is completely filled with YIG whose material 
properties are indicated in Section III-A. A uniform bias is 
assumed inside the substrate with dielectric losses only. The 

simulations are conducted for different levels of partial 
magnetization (𝑀/𝑀&)	 under both symmetric and 
antisymmetric biasing. Fig. 3 shows a comparison between the 
analytical and simulated results, which agree to a good extent 
and follow the same trend as the substrate magnetization is 
increased. As such, these results provide a degree of confidence 
in the simulation model, given that the adopted theoretical 
models have been validated through practical designs [3], [11]. 
Next, for fabrication purposes, the abovementioned design of 
the rectangular waveguide is further extended by adding 
microstrip-to-waveguide transitions, which are required for 
device testing. The final design of the proposed phase shifter 
with the optimized dimensions is provided in Fig. 4, the 
simulation results of which will be discussed along with the 
measured data in Section IV. 

III. PROTOTYPE FABRICATION 

A. Inkjet Printing 
Polycrystalline YIG G-113 (ɛr = 15, tanσ	≤	2·10‒4,  4πMS = 

1800 G, ‒3dB ΔH = 24Oe) from Trans-Tech Inc. was utilized 
as the substrate material in the proposed device. The availability 
of the M(H) curve is vital for understanding the characteristics 

    
Fig. 3. Theoretically expected and simulated phase shifts in (a) symmetrically and (b) antisymmetrically biased ferrite rectangular waveguides.  
 
 

 
Fig. 4. Dimensions of the optimized ferrite substrate-based vialess waveguide 
phase shifter: (a) top view, (b) bottom view. 
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of a magnetic material. Here, the initial M(H) curve of the YIG 
sample was measured using a Lake Shore 7404 vibrating 
sample magnetometer (VSM). Fig. 5(a) shows the results 
obtained from these measurements with the sample placed 
perpendicular to the magnetic field lines, as indicated in the 
inset. This curve was later utilized to extract partial 
magnetization values (𝑀/𝑀&)	 for use in the full-wave 
simulations of the phase shifter and to relate the simulation data 
with the measured data. Therefore, for accurate extraction, the 
YIG sample used for VSM measurements was of the same 
dimensions as the substrate in the fabricated device. As seen in 
Fig. 5(a), the magnetization is saturated around an applied bias 
of 𝐻 = 1400 Oe. Hence, the YIG substrate remained partially 
magnetized when 0 < H < 1400 Oe, which was the useful H bias 
range employed herein. 

B. Inkjet Printing 
A Dimatix 2831 printer with a 10 pL drop-on-demand 
piezoelectric inkjet nozzle was used for inkjet printing. The ink 
used was a silver–organo-complex (SOC) whose preparation 
and full characterization have been described previously [14]. 
Before printing, the YIG substrate was cleaned with acetone to 
remove any particle that could affect the printing and then was 
placed under UV/ozone treatment for about 3 min to enhance 
the adhesion quality. The fabrication process started with the 
inkjet printing of the top side (Fig. 5(b)). The conductivity of 
the printed ink increases with the number of printed layers. 
Therefore, 12 silver layers were printed on each side of the 
rectangular waveguide, which yielded an approximate total 
printed thickness of 5 μm and a conductivity of around 1·107 
Sm−1. Every printed layer was dried before printing the next 

layer. To preserve the alignment, this was achieved by localized 
heating at around 80°C with an IR lamp for approximately 5 
min (Fig. 5(c)). Once the top side was fully printed, the left and 
right sides were printed through the same procedure (Fig. 5(d)). 
To avoid any accidental felling and consequent misalignment, 
the YIG substrate was fixed by double-sided tape when printing 
the left and right sides. Finally, the bottom side was printed 
completely covering the given area, such that the central part of 
the printed area formed the bottom side of the waveguide and 
the remaining side areas formed the metal grounds of the two 
microstrip-to-waveguide transitions, as designed in Fig. 4(b). 
Thus, the waveguide was created in four straightforward 
printing steps, whereas creating an SIW of the same dimensions 
requires massive efforts. In this all-around printing approach, 
the adjacent sides of the rectangular waveguide must be ensured 
to have a good connection. For this purpose, the width and 
height of the waveguide were intentionally increased by 0.2 mm 
from the original dimensions in Fig. 4. Nevertheless, due to the 
sharp edges of the YIG substrate, connection was not 
established in some areas. These areas were then connected 
manually. In future works, the edges of the substrate can be 
slightly smoothed before inkjet printing to avoid manual 
intervention. The final printed device is illustrated in Fig. 5(e). 
After all the sides were printed, the structure was post baked in 
an oven at 150°C for 1 h to increase conductivity of the printed 
ink. Finally, SMA connectors were mounted on the two ports 
using a conductive epoxy.  

 
Fig. 5. (a) M(H) curve of the YIG sample (36 mm × 9.4 mm × 1.5 mm); (b) inkjet printing of the top layer of the rectangular waveguide with microstrip-to-
waveguide transitions; (c) drying of wet ink by heating with IR lamp; (d) inkjet printing of the side layer; (e) perspective view of the printed phase shifter. 
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IV. MEASUREMENTS 

A. S-parameters 
To begin with, the prototype was measured for its S-

parameters without any bias (Fig. 6). Overall, a good matching 
is observed between the simulated and measured curves, with 
the TE10 cutoff frequency 𝑓abcd appearing around 5.7 GHz. The 
reflection coefficient of the fabricated prototype remains below 
‒10 dB in the frequency spectrum from 5.6 to 7.5 GHz. The 
discrepancy between the simulated and measured insertion 
losses can be attributed to the simulation model. A simplified 
simulation model was used in all the simulations reported in this 
paper, which was helpful in reducing the simulation time, while 
it provided an acceptable correlation with the measured results. 
In particular, these simplifications include the use of a thin sheet 
of copper of zero thickness as a conducting material and 
considering the dielectric loss only, while ignoring the magnetic 
loss and conductor loss due to surface roughness. Given that 
high frequency simulations in this paper were mostly used for 

predicting the operating frequency range of the device and the 
phase shifts induced at different magnetization levels, the 
authors believe this simplification of the simulation model was 
reasonable.  

B. Symmetric Bias 
The RF performance of the design was then measured in the 

biased state. A Lake Shore electromagnet was employed to 
symmetrically bias the phase shifter while it was connected to 
a PNA network analyzer (E8363C) to observe its impedance 
and transmission coefficients. The strength of the magnetic 
field was controlled electronically in steps of 200 Oe up to 
about saturation at 1400 Oe, while the S-parameters and phase 
shifts were measured using the VNA. To exclude the effect of 
microstrip feed transitions, a 1mm wide micrsotrip line was 
inkjet-printed on a YIG substrate of the same size as the main 
device. The feed transitions were measured separately in the 
biased and unbiased states to subtract their contributions from 
the complete device. This produced the true phase shift and the 
insertion loss of the waveguide structure while excluding the 
contributions incurred due to the feed transitions, thus 
providing pure FoMs.  

The measured S-parameters are illustrated in Fig. 7. As the 
substrate is biased, the cutoff frequency of the guide shifts to 
higher frequency bands, which is consistent with the theory 
(Section II). As shown in (1), the permeability tensor of the 
ferrite material relies on partial magnetization, which in turn 
depends on the strength of the applied magnetic field. As the 
bias through the ferrite substrate is increased, the effective 
permeability (7) decreases, increasing the cutoff frequency 

 
Fig. 7. Measured S-parameters in unbiased and symmetrically biased states. 
 
 
 

 
Fig. 8. Measured phase shift, insertion loss (IL), and FoM for symmetric bias 
of H = 1400 Oe. 
 
 
 

 
Fig. 6. Measured and simulated S-parameters in the unbiased state. 
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(𝑓abcd = 𝑐/(2𝑎X𝜇Lɛe)). The move of 𝑓abcd to higher bands 
reduces the usable frequency range of the phase shifter. 
Moreover, as a result of using electromagnets, under biased 
conditions, the YIG substrate gets completely biased, which 
then affects the characteristic impedance of the microstrip feed 
transition and disturbs the impedance match at the ports. The 
cumulative effect of these issues is seen in Fig. 7; at an applied 
bias of 1400 Oe, the phase shifter is usable (reflection 
coefficient < −10dB) only from 7.1 to 7.35 GHz, which is 
13.9% of the initial usable frequency spectrum without bias. 
Therefore, the range of 7.1–7.35 GHz was selected for 
operation to retain the matched range of the frequency 
spectrum. This can be explored in future works on better design 
configurations to maintain the impedance bandwidth of the 
waveguide under biased conditions. 

 The induced phase shift, insertion loss, and the calculated 
FoM in the nearly saturated state of the proposed ferrite phase 
shifter under symmetric bias are illustrated in Fig. 8. As 
expected from theory, the highest phase shifts were achieved in 
the lower frequency band. However, in that frequency band the 
device operated near biased 𝑓abcd cutoff frequency, where the 
insertion loss was maximum, and this resulted in low FoM. A 
compromise between the high phase shifts and low insertion 
losses was achieved at 7.22 GHz, which resulted in a maximum 
FoM of 160°/dB for the corresponding phase shift of 224°. The 
phase shifts at 7.22 GHz obtained in the measurements, theory 
and simulations based on Green and Sandy’s model of partial 
magnetization are plotted in Fig. 9. Here, the applied bias used 
in the measurements is mapped to the partial magnetization 
(𝑀/𝑀&)	based on the M(H) plot in Fig. 5(a), where the 
magnetization at 1400 Oe is assumed to be the saturation 
magnetization, 𝑀&. Interestingly, the three curves show an 
excellent overlap until the magnetization inside the substrate 
reaches 80% of 𝑀&. From this value to full saturation, the CST 
simulations and theory provide comparable phase shifts, 
whereas the measured phase shift is noticeably higher. Higher 
phase shifts obtained in the measurements imply that ferrite 

substrate possibly reached saturation around the applied 
magnetic field of 1400 Oe. Such that at 1400 Oe, the magnetic 
dipoles in the ferrite were predominantly aligned with the 
direction of the applied field and, hence, Green and Sandy’s 
model of partial magnetization was not able to properly model 
such a substrate. To verify this hypothesis, the proposed phase 
shifter was simulated using Polder’s model of saturated ferrites 
[4], which is readily available for definition in CST. For a full 
comparison, measured and simulated S-parameters under 
symmetric bias were plotted in Fig. 10, where simulation results 
of both Green and Sandy’s model of partially magnetized 
ferrites and Polder’s model of saturated ferrites are presented. 
As can be seen, there is a certain mismatch between the 
simulated S-parameters based on Green and Sandy’s model and 
the measured results. On the other hand, Polder’s model 
provided S-parameters which are in very close agreement with 
the measured results. Here, it must be mentioned that the use of 
Polder’s model requires inputting the value of the internal 
magnetic field, H0, which is the magnetic field inside the ferrite 
substrate. This value of the field is typically different from the 
value of the externally applied magnetic field H due to 
boundary conditions at the surface of the ferrite substrate.  For 
our purpose, H0 is set to 250 Oe, and it is found by iteration. To 
verify the accuracy of this value, the phase shifts obtained from 
the device are studied. For the given value of H0, simulation 
based on Polder’s model provided a phase shift of 242°, which 
is closer to the measured phase shift of 224°, than the simulated 
phase shift of 159° provided by Green and Sandy’s model (Fig. 
9). These outcomes confirm the magnetically saturated 
behavior of the ferrite substrate at the applied magnetic field of 
1400 Oe. This study is among the first to investigate the 
performance of a design in both partially magnetized and 
saturated states of ferrite materials. 

C. Antisymmetric Bias 
Antisymmetric biasing requires two magnetic field sources 
pointing in opposite directions. To realize this, two neodymium 

 
Fig. 10. Measured and simulated S11 (dashed line) and S21 (solid line) 
parameters under symmetric bias, where results of both Green and Sandy’s 
model based as well as Polder’s model based simulations are shown. 
 
 
 
 

 
Fig. 9. Measured, simulated, and theoretically expected phase shifts under 
symmetric bias at 7.22 GHz as a function of partial magnetization. 
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magnets (B842-N52, K&J Magnetics) were positioned next to 
each other (Fig. 11(a)). An electromagnet could not be used in 
this case due to the required bias configuration. The magnets 
were magnetized through their thickness and had a surface 
magnetization of around 4200 G. The intermediate values of the 
biasing field were obtained by inserting 1-mm-thick glass plates 
between the magnets and the phase shifter. Fig. 11(a) shows the 
bias strength of the magnets in three principal directions as a 
function of the distance from the magnet surfaces. These 
measurements were made using a Lake Shore Cryotronics F71 
Teslameter with a three-axis probe. The values obtained from 
this setup were used to relate the results obtained in the 
measurements, simulations, and theory. The phase shifter test 
setup is illustrated in Fig. 11(b); the magnets and the glass 
separators are placed on top of the rectangular waveguide, 

which is connected to the VNA. As can be seen the magnets, 
measuring 12.8 mm × 6.4 mm × 3.2 mm, did not cover the 
rectangular waveguide completely along its length. Our 
measurements indicate a quick decay to  of the biasing 
field strength at the center of the magnet when the Teslameter 
probe was placed just beyond the area covered by the magnets. 
Therefore, we assume that coupling between the DC magnetic 
bias and the incoming RF waves happens mainly in the region 

20%<

 
Fig. 11. (a) Measured magnetic field as a function of the distance from the 
center surface of each individual magnet (center green line through the 
magnets in the inset indicates the reference position used for magnetic field 
measurements); (b) test setup, where the magnets and the phase shifter are 
separated by glass plates.   
 
 
 

 
Fig. 12. Insertion loss under antisymmetric bias at 7.46 GHz. 
 
 

 
Fig. 14. Measured phase shift, insertion loss (IL), and FoM for antisymmetric 
bias of Oe. 
 
 
 
 

950H =

 
Fig. 13. Measured S-parameters, namely reflection coefficient (dashed line) 
and transmission coefficient (solid line), in unbiased and antisymmetrically 
biased states. 
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of the rectangular waveguide that is right underneath the 
magnets. This inference is verified by the simulation results 
discussed in this section, where for consistency with the 
measurement setup, biasing is applied only to that part of the 
waveguide which was covered by the magnets. 

The insertion losses from the unbiased parts of the phase 
shifter were eliminated to calculate the FoM of the phase 
shifting region only. Fig. 12 shows the typical trend of the 
calculated insertion loss as a function of the applied bias at a 
fixed frequency of 7.46 GHz. For the given magnet orientation, 
measurements suggest a higher insertion loss in the reverse 
direction (S12) than in the forward direction (S21) of the wave. 
In particular, the wave encountering the clockwise arrangement 
of the magnetic dipoles (↑↓) in the ferrite always experiences 
higher losses. Similar behaviors were reported in [9] and [15] 
for single- and dual-slab ferrite SIW phase shifters, 
respectively. The RF wave seemingly has a stronger interaction 
with the antisymmetric DC bias when the latter is oriented 
clockwise than when it is oriented anticlockwise. 

The phase shifter exhibits the best FoM at an applied bias of 
950 Oe. Above 950 Oe, better phase shifts but higher insertion 
losses are observed (Fig. 12), which then reduces the FoM. The 
S-parameters of the phase shifter without bias and under the 
antisymmetric bias of 950 Oe are illustrated in Fig. 13.  As was 
mentioned in the previous paragraph, under antisymmetrically 

biased conditions, the device behaved asymmetrically (S21 ≠ 
S12), for that reason both S11 and S21 as well as S22 and S12 
parameters were included in Fig. 13. When biased, 𝑓abcd is 
around 6.8 GHz, and the phase shifter remains usable up to 7.5 
GHz. The differential phase shift, insertion loss and the 
calculated FoM are presented in Fig. 14. The maximum FoM of 
332°/dB was achieved at 7.46 GHz for the corresponding phase 
shift of 173°. This value of the FoM was calculated using the 
insertion loss in the direction of the maximum loss (S12), which 
is given in Fig. 14. The fluctuation of the FoM originates from 
the apparent variation of the reflection coefficient in the biased 
state between −23 and −13 dB, which ultimately affects the 
insertion loss S12 as can be observed in Fig. 13. This slight 
fluctuation in the insertion loss is further intensified after the 
subtraction of the insertion losses of the unbiased parts of the 
phase shifter, as can be observed in Fig. 14. Hence, for very 
precise FoM plots, the best option is to design a rectangular 
waveguide that has no feed lines and is entirely biased when 
tested. Nevertheless, we believe that the obtained results are 
sufficient in this stage as a proof of concept.  

Measured and simulated S-parameters under antisymmetric 
bias are compared in Fig. 15. As can be seen, the results agree 

 
Fig. 15. Measured and simulated S-parameters under antisymmetric bias.  
 
 
 
 

 
Fig. 16. Ferrite-filled rectangular waveguide biased antisymmetrically using 
magnets. (a) Ideal case assumed in the simulations, where magnetization exists 
only in z-direction; (b) realistic scenario, where return field forces a part of the 
ferrite substrate to magnetize in x-direction. 
 
 
 
 
 
 

 
Fig. 17. Measured, simulated and theoretically expected phase shifts under 
antisymmetric bias.  
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to a good extent, thanks to a careful simulation model 
considered. Ideally, under antisymmetric bias one would expect 
to have magnetization only in z-direction as shown in Fig. 
16(a). However, in reality, especially when applying magnetic 
fields using bulk magnets, more complex magnetization profile 
builds up inside the ferrite material. In particular, the use of two 
sources of magnetic field pointing in opposite directions leads 
to an establishment of a return field, shown in Fig. 16(b), which 
then would tend to magnetize the lower part of the ferrite 
substrate in the undesirable x-direction. Hence, for an accurate 
modeling all three magnetization domains presented in Fig. 
16(b) were considered in our simulations. Regions 1 and 2 were 
modeled using Green and Sandy’s model of partially 
magnetized ferrites by mapping the strength of the magnetic 
field generated by the magnets to the partial magnetization 
(𝑀/𝑀&)	based on M(H) curve shown in Fig. 5(a), similar to 
symmetrically biased case. Whereas region 3 was modeled 
using Polder’s model of saturated ferrites. This is because it is 
much easier to drive the magnetization of the sample to 
saturation along the longer dimension (width) than the shorter 
(thickness). Thus, region 3 is expected to reach saturation at 
much lower applied magnetic fields than regions 1 and 2. To 
simplify the simulations, regions 1 and 2 were assumed to 
occupy the upper half of the ferrite substrate, whereas region 3 
the lower half. Here again the value of H0 was iteratively found 
to be 610 Oe. The good agreements achieved between measured 
and simulated S-parameters, as well as measured and simulated 
differential phase shifts provided in Fig. 17 confirm the 
accuracy of this selected value of H0. As can be observed in the 

same Fig. 17, the differential phase shift obtained analytically 
is close but still deviates noticeably from the measured and 
simulated values. This is because (8) is derived assuming 
magnetization in z-direction only, which doesn’t reflect the 
actual magnetization profile set up inside the ferrite substrate. 

D. Discussion and Comments 
Table 1 presents a summary of the performance metrics of 

magnetically tunable substrate-based waveguide phase shifters 
found in the literature and the performance of the proposed 
phase shifter. 

Among the traditional designs of SIWs [8], [9], [15], the 
single-slab SIW performs the best [8]. It achieves a differential 
phase shift of around 222°/cm and an FoM of approximately 
200°/dB, whereas the proposed device can produce 136°/cm 
and 332°/dB. Nickel ferrite (NF) was used as the ferrite material 
in [8]; it has a saturation magnetization of 5000 G, which is 
almost thrice that of YIG. The higher the saturation 
magnetization, the greater the phase shifting/tuning capability; 
thus, the normalized phase shift (°/cm) in [8] is larger than that 
in this work. Nevertheless, the FoM of the proposed phase 
shifter is higher, which can mainly be attributed to the 
microwave loss of YIG being lower than that of NF. One point 
must be highlighted here. The traditional ferrite-loaded SIW 
phase shifters come with microstrip-to-SIW transitions, as in 
Fig. 1(a). However, the cited studies on these works [8], [9], 
[15] do not report the insertion loss due to these transitions. For 
accurate estimations of the FoM, the insertion loss contributions 
due to these microstrip-to-SIW transitions must be subtracted 

TABLE I 
FERRITE SUBSTRATE-BASED WAVEGUIDE PHASE SHIFTERS 

Ref. 
Year 

Design Ferrite 
Material, 

MS 

Mode Center 
Freq. 
(GHz) 

BW 
(%) 

Phase shift 
(°) 

Phase shiftA 
(°/cm) 

ILB  
(dB) 

FoMC 
(°/dB) 

Biasing 
H or I 

[15] 
2010 

SIW (single slab) 
SIW (dual slab) 

NF, 
5000 G 

NR 
NR 

24 
24 

16.7 
16.7 

160 
190 

126 
150 

1.5 
2.2 

119 
90.5 

EM: 3.2 kOe 
EC: 1 A  

[8] 
2013 

SIW (single slab) 
 

NF, 
5000 G 

NR 13.5 11.3 ≤400 ≤222 2 ≤200 EM: 2.4 kOe  

[9] 
2014 

HMSIW (single 
slab) 

YIG, 
1850 G 

NR 10 6 410 103 2.9 141 EM: 1.8 kOe 

[10] 
2004 

SIW (ferrite 
LTCC) 

- 
- 

NR 36 2.7 52.8 26.4 5.8 9.1* EW: 0.5 A 

[11] 
2015 

SIW (ferrite 
LTCC) 

ESL 40012, 
3500 G  

R 
NR 

12.4 
12.4 

13.7 
13.7 

58 
122 

73 
153 

2.3 39* 
102* 

EW: 0.4 A 

[3] 
2015 

HMSIW (ferrite 
LTCC) 

ESL 40012, 
4000 G 

R 13.1 4.6 83.2 166.4 1.5 83.2* EW: 0.24 A 

[16] 
2010 

Diode-switched   
ferrite RWG 

YIG, 
1200 G 

NR 9 - 300 58.8 1.7 300* EM:  
820–990 Oe 

[17] 
2019 

HM RWG (per. 
ferrite-loaded) 

YIG, 
1780 G 

NR 4.8 4.2 211 105.5 ~2 ~105.5 EM: 3.5 kOe 

This 
work 

Inkjet-printed  
ferrite RWG 

YIG, 
1780 G 

R 
NR 

7.2 
7.2 

3.5 
9.8 

224 
173 

112 
136 

2.1 
1.7 

160* 
332* 

EM: 1.4 kOe 
M: 950 Oe 

RWG: rectangular waveguide, R: reciprocal, NR: nonreciprocal, BW: impedance bandwidth, EM: electromagnets, EC: external coils, EW: embedded windings, M: magnets.  
A: phase shift divided by the length of the active region, B: IL considering the full structure of the phase shifter, C: maximum measured FoM in the operating frequency band, 
FoM and IL are based on the values of maximum applied bias, *: feeding and transition losses are excluded from the calculation, -: unknown. 
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as they don’t contribute to the phase shift and are merely there 
for testing purposes. Since these results were not available, the 
total insertion loss was used in the calculation of the FoM of 
these works in Table 1, which thus is less than their true FoM 
(phase shift induced/insertion loss). Hence, the comparison in 
the table is not completely accurate with respect to these works. 
Nevertheless, the microstrip-to-SIW transitions in these 
traditional SIW designs are based on low dielectric–loss 
materials, thus, it is expected that their true FoM is not largely 
different than their calculated FoM in Table 1. Lastly, we must 
highlight that the proposed phase shifter exhibits such 
performance while under antisymmetric nonuniform surface 
magnetic field of 950 Oe, which is 60% less than the uniform 
applied bias of 2400 Oe used in [8]. 

A few works reported ferrite phase shifters implemented in 
SIWs and HMSIWs buried in ferrite LTCC [3], [10], [11]. A 
strong advantage of these works lies in the embedded windings; 
the biasing coils are integrated in the multilayer phase shifter 
structure, thereby reducing the bias requirements and the device 
size. However, the FoMs of these designs are considerably 
lower than the FoM reported in this work. For instance, [3] 
achieved an FoM of 83.2°/dB in the reciprocal mode and [11] 
obtained 102°/dB in the nonreciprocal mode, which are both 
much less than the FoM achieved in our work. Moreover, ferrite 
LTCC is an expensive and complex technology, so it is not 
practical for use in phased-antenna arrays, which require 
hundreds of phase shifters. 

Other nonconventional approaches have also been taken to 
design planarly integrable waveguide-based ferrite phase 
shifters. An interesting implementation of a ferrite phase shifter 
based on diode switching from microstrip-to-waveguide mode 
was demonstrated in [16]. Considering both digital and analog 
differential phase shifts, an FoM of around 300°/dB was 
reported, which is close to the FoM reported in the present 
work. However, [16] achieved this in a bias window of 820–
990 Oe, which meant that an 820 Oe external magnetic field 
was required at all times to maintain the reference phase shifts. 
Moreover, copper tapes were used for metallization, which is 
certainly a drawback of this design. A nonreciprocal phase 
shifter based on a novel composite right/left handed (CRLH) 

transmission line was proposed in [17]. The device presented in 
that work featured a planar half-mode (HM) rectangular 
waveguide, which was periodically loaded with ferrite slabs. 
Nevertheless, an FoM of only 105.5 °/dB was achieved in [17], 
which is more than three times less than FoM reported herein. 
Another nonreciprocal phase shifter was reported by [18], the 
design of which is based on a standard coplanar waveguide 
(CPW) made of copper-coated duroid substrate. The hard-soft 
nanocomposites of ferrites made of (barium hexaferrite) 
BaM/YIG were deposited on top of the device for magnetic 
tunability of the phase constant. However, normalized phase 
shifts of only 15 and 40 °/cm were achieved with this phase 
shifter at the frequencies of 9 GHz and 30 GHz, respectively. 
Moreover, the bias requirements of this device was extremely 
high, reaching 11500 Oe for the abovementioned performance. 
More recently, a nonreciprocal phase shifter based on a planarly 
integrable spoof surface plasmon polariton (SSPP) waveguide 
was proposed [19]. The device was made of F4B substrate with 
two corrugated metallic layers on each side. For a magnetic 
tunability, a ferrite block was placed on the tope side of the 
device. However, the measurements suggest a limited 
performance of this device as only 46.2 °/cm of normalized 
phase shift was achieved, while at the insertion loss of 5.2 dB. 
Here, we must mention that the last two works, [18] and [19], 
were not listed in Table 1, to be consistent with its scope, which 
is ferrite substrate-based waveguide phase shifters, whereas in 
[18] and [19] the ferrite material was placed on top of the 
dielectric substrate-based microwave devices.   

The reader might notice that most of the works discussed 
above and presented in Table 1 report nonreciprocal ferrite 
phase shifters. Whereas, the device proposed in this work can 
produce both reciprocal as well as nonreciprocal phase shifts, 
and this can be controlled by providing the right configuration 
of the magnetic bias. In addition to that the proposed device 
achieves higher performance (higher FoM) in both modes of 
operation.  

Lastly, one must highlight that such a performance of the 
proposed phase shifter was achieved, despite the relatively 
simple and low-cost processes involved in its fabrication. Table 
2 provides a qualitative comparison of the fabrication 

TABLE II 
FABRICATION COMPLEXITY AND COST COMPARISON OF FERRITE SUBSTRATE-BASED WAVEGUIDE PHASE SHIFTERS 

Design Reference Fabrication Fabrication Complexity & Cost 

SIW (ferrite LTCC)      [3], [10], [11] Design requires multiple (~10) thin ferrite layers with printed inter-layer 
metallizations and inter-connecting vias, which must be aligned carefully, 
pressed and then fired as in standard LTCC design. 

High 

SIW (partially   
ferrite-loaded)           

[8], [9], [15] Design requires (1) fabrication of a standard SIW, (2) drilling of cavities in 
that SIW for placing ferrite slabs, (3) metallization of open cavity areas.   

Medium 

Diode-switched       
ferrite RWG  

[16] Design involves metallization of a ferrite substrate with a copper tape, after 
which several diodes must be connected between the signal line and the 
ground. 

Low 

HM RWG 
(periodically    
ferrite-loaded)  

[17] Design involves placing ferrite slabs periodically inside a planar HM RWG 
by carefully maintaining the same gap between any two adjacent ferrite 
slabs. 

Low 

Inkjet-printed    
ferrite RWG             

This work Design requires all-around inkjet-printing of a ferrite substrate, followed by 
drying of the printed wet ink. 

Lowest 
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complexity and the cost associated with each phase shifter 
design reported in Table 1. Here, the level of complexity and 
the cost involved in the fabrication of each design is based on 
the estimation of the equipment, tools, materials and steps 
required. Since there is a correlation between the fabrication 
complexity and the cost, they are considered as a single 
comparing aspect. Based on the information provided in Table 
2, one can recognize that the phase shifter proposed in this work 
exploits a fabrication process that is the least intensive, as no 
heavy fabrication (i.e. drilling) or no other steps other than 
inkjet-printing is involved here, which thus must be the most 
cost effective process as well. 

V. CONCLUSION 
In this paper, a magnetically controlled, ferrite substrate-

based, vialess waveguide phase shifter is presented. The device 
is implemented as a planar rectangular waveguide, which is 
realized through all-around-inkjet-printing of an yttrium iron 
garnet substrate. Inkjet-printing is the main step involved in the 
fabrication of the proposed phase shifter, as such it is simple 
and low-cost in manufacturing. By providing the right 
configuration of the magnetic bias, the device can operate in 
two modes, producing reciprocal as well as nonreciprocal phase 
shifts. Despite the relatively simple and low-cost fabrication 
process involved, the fabricated prototype outperforms 
previously reported similar works in both modes of operations.  
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